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VISUALIZING THE ROLE OF THE SPT4-SPT5 COMPLEX IN GENE 
TRANSCRIPTION 
 
SAI VANGALA 
 
ABSTRACT 
 The Spt4-Spt5 heterodimer complex is one of the key transcription 
elongation factors for RNA polymerase II, and thus helps to regulate gene 
expression with either positive or negative stimulation. Spt5 is a part of the 
NusG family of proteins, and is universally conserved across all three domains of 
life. This complex is also noted to be involved in many other cellular functions, 
including chromatin folding, DNA repair, and 5’ cap recruitment; both subunits 
also play roles in cellular activity when not bound together. However, there is 
still a great deal of insight to gain about this compound’s functions. 
 This report delves into a variety of previous studies on this complex, 
summarizing known facts. It will describe how the Spt4-Spt5 complex is actually 
involved in facilitating transcription for nearly every type of RNA polymerase 
known so far, and that the secondary characteristics define each homologous 
structure. The variety of laboratory techniques utilized in these studies will also 
	vi	
be noted, and the functionality of this versatile complex will be conveyed as 
known. 
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INTRODUCTION 
Gene expression is a highly essential component of the biological 
processes used throughout all three domains of life, and within this process, 
transcription elongation is considered one of the most complex and highly 
regulated steps (Hartzog & Fu, 2013). A number of different RNA polymerases 
(RNAP) are utilized in this step; both the prokaryotic and eukaryotic RNAP 
display a mostly conserved structure across domains, but all are subject to a 
variety of mechanisms to regulate elongation and gene expression when engaged 
with a DNA template (Guo et al., 2015; Guo et al., 2008). 
RNAP Classifications 
The archaeal (prokaryotic) transcription system, which only includes a 
single RNAP in addition to its general transcription factors, has been considered 
a viable model to decipher the eukaryotic transcription apparatus due to its 
similarity (Klein et al., 2011). The most prominent eukaryotic enzyme utilized in 
the elongation step is RNA Polymerase II (RNAPII), which has primarily been 
identified and studied in eukaryotic species like yeast and humans to create 
mRNA transcripts (Kim et al., 2003; Krogan et al., 2002). However, there are 
additional eukaryotic RNAP that have been observed in transcription elongation. 
RNA Polymerase I (RNAPI), though mainly a target for regulation during 
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transcription initiation, has also been found to participate in elongation during 
the synthesis of eukaryotic ribosomal RNA (rRNA), the key component of newly 
synthesized ribosomes, though further characterization is still needed in this area 
(Anderson et al., 2011). In addition, the Arabidopsis genus of plants specifically 
utilizes RNA Polymerase IV (RNAPIV) and RNA Polymerase V (RNAPV); 
RNAPIV produces short interfering RNAs (siRNAs) to bind to RNA transcripts 
produced by RNAPV. This results in de novo DNA methylation, and can 
subsequently lead to post-translational modifications (PTMs) and the formation 
of heterochromatin (Köllen et al., 2015).  
Throughout these studies of the mechanisms of different RNAP, a 
universally conserved element throughout all three kingdoms was observed; the 
presence of the transcription factor Spt5, known as NusG in bacteria (Anderson 
et al., 2011; Guo et al., 2015; Martinez-Rucobo et al., 2011).  
Initial Observations 
Spt5 was originally discovered via mutation screenings along with 
another factor, Spt4, in the yeast species Saccharomyces cerevisiae, and the two 
proteins form a heterodimer complex named 5,6-dichloro-1-beta-D-ribofurano-
sylbenzimidazole (DRB) sensitivity-inducing factor (DSIF), which has proven 
crucial to mediating the transcriptional activity of RNAPII in higher eukaryotes 
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(Hartzog & Fu, 2013; Klein et al., 2011; Krogan et al., 2002; Squazzo et al., 2002). 
Although initial studies from S. cerevisiae and other yeast species were able to 
yield high-resolution images of RNAPII, it was still to be determined whether 
this would apply to all eukaryotic species, as only low-resolution electron 
microscopy (EM) images for human RNAPII were available (Bernecky et al., 
2016). However, the high-resolution images yielded from yeast species provided 
important insights into the 12 polypeptide subunits that composed the core 
enzyme of RNAPII, stabilizing a structure greater than 500 kDa in mass (Meyer 
et al., 2006). These subunits create some key domains in RNAPII, including a cleft 
at the top as well as a clamp, lobe, and protrusion (Bernecky et al., 2016; Klein et 
al., 2011)  
Eventually, a study was conducted utilizing bovine RNAPII, which differs 
from human RNAPII by merely seven residues, to produce high-resolution 
images of mammalian RNAPII via cryogenic EM and potentially validate the 
relevance of the observations from the yeast RNAPII images in future gene 
transcriptional studies (Bernecky et al., 2016). DSIF was observed at the top of the 
RNAPII complex (Figure 1) with extra density relative to the rest of the complex; 
it was shown as a “bridge” that covers the cleft, similarly located to previously 
studied yeast and archaeal complexes (Bernecky et al., 2016).  
4	
 
 
Similarly, NusG has been found to be a versatile prokaryotic transcription 
elongation factor. Its presence has been found to increase pausing of RNAP in 
species like Thermus thermophilus and Bacillus subtilis, while in contrast, it can 
decrease pausing and intrinsic termination in Escherichia coli (Grohmann et al., 
Figure 1 Location of DSIF on RNAPII. Image yielded via negative-stain electron 
microscopy (Bernecky et al., 2016). 
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2011; Klein et al., 2011). The homologous functionality and universal presence of 
the Spt5/NusG family of proteins across all domains of life is necessary to 
explore both at a micro and a macromolecular level. 
Structural Analysis By Domain 
 A closer inspection of the tertiary and quaternary levels of the NusG 
bacterial homolog shows two main regions; a NusG N-terminal domain (NGN) 
and a single Kyprides–Onzonis–Woese (KOW) motif at the C-terminal domain, 
connected together by a 13 residue linker (Guo et al., 2015; Klein et al., 2011). The 
two-part organization allows for simple assignment designation; the NGN 
domain solely regulates transcription elongation based on how the KOW domain 
interacts with other proteins and factors, including contacting the Rho factor to 
start termination (Klein et al., 2011).  
Archaeal Spt5 is an interesting case; although it has a single KOW domain 
along with the NGN domain, it is capable of dimerizing with Spt4 like the 
eukaryotic Spt4/Spt5 complex, potentially providing a unique view of 
transcription elongation mechanisms for both prokaryotes and eukaryotes (Klein 
et al., 2011). In general, Spt4 is generally described as a small zinc-finger protein 
that is not found in bacteria, and has 4 cysteines (Guo et al., 2008; Hartzog & Fu, 
2013; Köllen et al., 2015). The archaeal homolog for Spt4 is known as RpoE’’, or 
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the sigma transcription factor found in E. coli, and has been found to have a 
highly conserved structure with similar functionality to Spt4 (Guo et al., 2008). 
An experiment modeled the RNAP-Spt4/Spt5 complex via cryo-EM using 
Pyrococcus furiosus, a known archaebacteria, and the resulting ribbon model 
turned out similar to previous prokaryotic depictions of the complex (Figure 2); 
another density model showed two abnormal regions covered the cleft region at 
the top that were identified as the homologs of Spt4 and Spt5 (Klein et al., 2011). 
	 	
	
 
  
Figure 2 Modeling the P. furiosus RNAP-Spt4/Spt5 
complex via ribbon (A) and density (B) models 
(Klein et al., 2011) 
7	
The most frequently studied variant is eukaryotic Spt4/Spt5. Spt5 is 
similar in some respects to its prokaryotic homologs in that it still has an NGN 
domain and a KOW domain linked together. However, the eukaryotic Spt5 factor 
also contains an acidic N-terminal region, a short series of C-terminal repeats 
(CTR) that are targeted by regulatory kinases, and 4-6 additional KOW domains 
with unique characterizations (Figure 3) (Guo et al., 2015; Guo et al., 2008; 
Hartzog & Fu, 2013; Ivanov et al., 2000; Klein et al., 2011).	
	
 
 
 
Figure 3 Characterization of Spt4/Spt5 heterodimer complex 
Left: Domain organization of Spt4 and Spt5 proteins, proportional to polypeptide 
lengths 
Right: Structural superposition of Spt4/Spt5 complex 
(Hartzog & Fu, 2013) 
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The site of interaction between Spt4 and Spt5 has been explored 
continually, and ultimately determined to be between Spt4 and the NGN domain 
of Spt5 (Guo et al., 2015; Hartzog & Fu, 2013; Köllen et al., 2015). An 
experimental study conducted with S. cerevisiae complexes shows the full 
characterization of this interface down to the secondary level (Figure 4). In 
addition to the aforementioned zinc finger, which signifies the edge of its 
hydrophobic core, Spt4 contains four antiparallel β-pleated sheets and five α-
helices, with α4 closest to the active site. Spt5NGN also contains 4 antiparallel β-
pleated sheets; of particular interest is the direct contact between β3 of Spt4 and 
β2 of Spt5NGN in the center of the hydrophobic core. There are 8 α-helices 
surrounding this sheet to help stabilize it, in addition to hydrogen bonding at 
key residues to create strong acid-dipole interactions. An example of a conserved 
acid-dipole interaction is between the N-terminus of Ser58 on the Spt4 α4 and the 
C-terminus of Glu338 on the Spt5NGN domain. This particular bond is 
conserved in the aforementioned RpoE’’ archaeal homolog (Guo et al., 2008).  
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 The rest of the eukaryotic Spt5 protein is primarily composed of various 
KOW domains and their corresponding flexible linker regions; KOW domains 
are actually a subset of the Tudor family domains, and are generally poorly 
conserved (Hartzog & Fu, 2013; Meyer et al., 2015). The four soluble domains 
formed in the central Spt5 region are KOW1-Linker1 (K1L1), KOW2-KOW3 
(K2K3), Linker2-KOW4 (L2K4), and Linker3-KOW5 (L3K5). Of interest is the lack 
of a linker between KOW2 and KOW3 (Meyer et al., 2015).  
Figure 4 Architecture of Spt4-Spt5NGN interaction 
Left: Ribbon view 
Bottom: Secondary structure topology 
(Guo et al., 2008) 
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K1L1 consists of a two-lobed rigid structure (Figure 5); the N-terminal 
lobe consists of a KOW1 Tudor β-barrel fold running antiparallel to the β7 sheet 
and adjacent to the α2-C helix pattern from the C-terminus of Linker1, while the 
C-terminal lobe consists of the N-terminus of KOW1 with the remainder of 
Linker1 uniquely folded in between β3 and β7. In addition to the novel folding 
pattern, a set of five hydrogen bonding residues has been identified as highly 
conserved across all eukaryotes (Meyer et al., 2015). 
 
Figure 5 K1L1 structural organization 
Left: Crystal structure with all motifs and conserved residues 
Right: Secondary structure diagram 
(Meyer et al., 2015). 
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Without the presence of a linker region, KOW2 and KOW3 are instead 
separated by a single residue (Figure 6). However, there are at least three 
hydrogen bonds and multiple side-chain interactions that help keep the two 
Tudor domain β-barrel structures rigidly together (Meyer et al., 2015). 
 
 
Potential crystallization and subsequent structural analyses for L2K4 and 
L3K5 were inconclusive, and further research in that area is needed (Meyer et al., 
2015).  
 The final section of eukaryotic Spt5 to be broken down is the 
aforementioned CTR, which is actually two separate elements (CTR1 and CTR2). 
Figure 6 K2K3 structural organization 
Left: Ribbon view with connecting residue marked 
Right: Surface representation to indicate density 
(Meyer et al., 2015). 
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These are both rich in serine and threonine, and are considered analogous to the 
C-terminal domain (CTD) of RNAPII (Ivanov et al., 2000; Narita et al., 2003). 
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SPECIFIC AIMS 
The overall purpose of this paper is to gain a further understanding of the 
role of the Spt4-Spt5 heterodimer in the biological process known as 
transcription elongation, and by extension its role in gene expression through all 
three domains of life. Although its structure has not been fully deciphered in all 
classes, the complex can still provide valuable information about its various 
functions. The visual depictions already shown will be paired with standard 
quantitative and qualitative analyses of transcriptional regulation, which can 
provide a new perspective and allow us to gain further biological insight into 
what makes this heterodimer complex so essential to the mechanism of mRNA 
transcript production. 
A variety of methodologies have been used in order to visualize and 
model this complex in its different forms, and will be noted as well. By delving 
more into this topic, a clearer understanding of what methods are most effective 
in determining molecular structures can be hypothesized, and this can help 
facilitate research into other molecular structures of interest. 
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PUBLISHED STUDIES 
Many different laboratory techniques have been utilized in order to 
understand more about the different structures and functions of the Spt4-Spt5 
complex across all life forms. Nearly every type of RNAP has this complex 
playing a significant role, and it is important to note all techniques involved in 
studying these particular cases. Since bacterial NusG does not form a 
heterodimer with any Spt4 homolog, that domain will not be addressed in this 
section. 
Eukaryotic (RNAPII) Spt4-Spt5 Studies 
 Given that RNAPII is the enzyme most well known for transcription 
elongation, and eukaryotic Spt4-Spt5 is the complex most associated with the 
regulation of this step, the relationship between these two molecules has been 
fleshed out in great depth with a variety of laboratory techniques, and ultimately 
has even led to discovering many other cellular processes that are facilitated by 
Spt4-Spt5 (Kim et al., 2003).  
 Structurally and functionally, there are numerous aspects of this molecule 
to explore. It had been previously determined that the interface between Spt4 
and Spt5NGN was accompanied by hydrogen bonds and acid-dipole forces to 
stabilize the heterodimer complex (Guo et al., 2008). However, there were two 
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known mutations with the potential to destabilize this interaction: spt5-4, which 
would cause Glu338Lys and disrupt the acid dipole connection at Ser58 of Spt4, 
and spt5-194, which would cause Ser324Phe, bringing in a bulky side group to 
disrupt crucial bonds with Glu338 on Spt5 (Guo et al., 2008). Besides the NGN 
domain, the KOW domains, particularly K1L1 and K2K3, have also been 
characterized. K1L1 contains a positively charged patch (PCP), which heavily 
attracts DNA; interestingly enough, KOW1 on its own has no affinity for DNA. 
(Meyer et al., 2015).  
 However, Spt4-Spt5 in its normal form has been observed as more than 
just a complex that promotes elongation by decreasing the amount of pauses 
during transcription. It has also been involved with 5’ capping, DNA repair and 
recombination, and histone folding (Hartzog & Fu, 2013; Kim et al., 2003; Suh et 
al., 2010). In addition, observing the human complex DSIF when it binds directly 
to RNAPII offers key insights into secondary reactions; its recruitment of 
negative elongation factor (NELF) and antagonism of positive transcription 
elongation factor b (P-TEFb) are necessary checks on its activity (Hartzog & Fu, 
2013; Narita et al., 2003). When P-TEFb is recruited by the complex, it 
phosphorylates the CTD of RNAPII in order to allow transcription to continue 
unimpeded, and is a key mechanism in creating some well-known mRNA 
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transcripts. For example, the recruitment of P-TEFb by DSIF is a necessary for 
Tat-mediated stimulation, a process that can lead to HIV transcription in vitro 
(Lindstrom & Hartzog, 2001). The opposite effect is achieved by NELF when it 
binds to the DSIF-RNAPII complex; this makes the transcription process 
sensitive to the ATP analog DRB, thus inducing transcriptional pausing (Ivanov 
et al., 2000; Kim et al., 2003; Krogan et al., 2002; Narita et al., 2003; Rondón et al., 
2003). Interestingly enough, DSIF has been observed to promote elongation with 
limited nucleotide concentrations in vitro, potentially adding a counfounding 
factor to the mechanistic interplay between DSIF, NELF, and P=TEFb (Lindstrom 
& Hartzog, 2001). 
 A proteomics approach to understanding the Spt4-Spt5 complex was 
undertaken. The first step was to implement a tandem affinity purification (TAP) 
scheme to purify the target proteins in S. cerevisiae without risking disrupting the 
interactions while still maintaining conditions that reduce nonspecific protein 
binding. Transcription was stimulated by the use of TFIIS and TFIIF against their 
respective RNAPII structures (Krogan et al., 2002).   
 There is potential evidence that Spt4-Spt5 is involved with yet another 
responsibility: splicing the mRNA it regulates the manufacturing of. The genome 
of S. cerevisiae was recently completely deciphered, and from there it was 
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discovered that one of the functions of Spt4-Spt5 is to deal with and recruit the 5’ 
capping enzyme to pre-mRNA. Indeed, knockout strains of Spt4 or Spt5 had 
been observed to be less effective at correctly splicing out introns (Figure 7). The 
experiment was set to be a more natural experiment with analysis of variance 
(ANOVA) set to handle any abnormalities, and a splice array involving Spt4 and 
Spt5 knockouts yielded much of the same results; the normal strains were more 
accurate in their splicing (Xiao et al., 2005). 
18	
  
  
 
A double mutant experiment (Table 1) was conducted to understand more 
about Spt4 and Spt5 based on their potential relationship with CTD kinases.	
Figure	7	Normalized	scatterplot	of	splice	probe	accuracy	
(Xiao et al., 2005)	
19	
Ultimately,	it	relied	on	knockout	genes	of	both	known	Spt	mutations	and	either	total	or	 partial	 knockout	 of	 CTD	 kinase	 genes.	 Ultimately,	 it	 was	 determined	 that	 the	more	 essential	 genes	 KIN28	 and	 BUR1	 caused	 a	 lack	 of	 growth,	 indicating	 that	whether	 or	 not	 the	 CTD	 is	 phosphorylated	 may	 have	 some	 effect	 on	 Spt4-Spt5	function	(Lindstrom	&	Hartzog,	2001).		
	
 
 While human DSIF and archaeal/bacterial complexes were all proven to 
stimulate elongation, it was necessary to explore whether a recombinant yeast 
Spt4-Spt5 complex was a positive factor for RNAPII transcription by binding to 
elongation complexes (Figure 8). Although CTR was purified from one strain, it 
was unclear whether it was a factor. However, it became clear that Spt4-Spt5 was 
Table 1 Double mutant growth table. More + means greater growth in that culture 
(Lindstrom & Hartzog, 2001). 
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a key component in preventing the arrest or pause of RNAPII across all domains 
(Crickard, Fu, & Reese, 2016).  
 
  
While together, the Spt4-Spt5 complex is a versatile molecule. However, 
as previously mentioned, although DSIF and NELF work together to repress 
elongation, DSIF on its own is capable of activating elongation in RNAPII (Kim 
Figure 8 Biochemical analysis of Spt4/5 (A) SDS-PAGE of purified proteins (B) 
Comparative EMSA about presence of CTR (C) RNAPII arrest assay (D) 
Culmination of assays to produce time graph 
(Crickard, Fu, & Reese, 2016) 
21	
et al., 2003; Kwak et al., 2003). Similarly, each of Spt4 and Spt5 has their own 
unique characteristics that also play a role in their cellular functions in vivo (Kim 
et al., 2003). However, for either transcriptional activation or repression to work, 
it was found that both Spt4 and Spt5 had to be attached (Kim et al., 2003; Rondón 
et al., 2003). 
One of the more interesting functions the DSIF complex helps to regulate 
is Immunoglobulin (Ig) class switch recombination (CSR). Previously, the 
complex was in charge of histone PTMs and DNA repair, and Spt5 had even 
been in charge of guiding the activation-induced cytidine deaminase to its target 
site so it can commence CSR. Multiple assays, immunoblotting, chromatin 
immunoprecipitation (ChIP), and reverse transcriptase-PCR (RT-PCR) were 
some of the methods utilized in preparation (Stanlie et al., 2012).  
One of the first observations was similar to when DSIF is in charge of 
transcriptional regulation; if either subunit is missing, CSR becomes less efficient 
(Figure 9). Here, it was a fix of RNAi oligonucleotides knocking down either Spt4 
or Spt5 based on designation. Results showed that intermediate transcript levels 
necessary for CSR were robust, but the transcript levels of the final CSR products 
were drastically reduced in cells with either subunit knocked out, indicating the 
necessity of the full heterodimer complex to CSR regulation (Stanlie et al., 2012).  
22	
	 	
	
 
 
 
  
Ultimately, both Spt4 and Spt5 seem to be invaluable as both transcription 
regulators and in DNA repair for CSR (Stanlie et al., 2012). 
Figure 9 The roles of Spt4 and Spt5 in CSR 
Top: Knockdown efficiency after RT-PCR 
Middle: Knockdown efficiency after immunoblotting 
Bottom: Immunoblot derived from (see middle) 
(Stanlie et al., 2012) 
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A number of experimental results have indicated Spt4’s key characteristics 
within DSIF. Despite mutations to two of the four cysteines in its zinc finger and 
various mutant Spt4 strains tagged with anti-Spt5 antibody, only the C-terminus 
40 residue peptide failed to bind, proving that segment and the zinc finger 
expendable (Kim et al., 2003). Because Spt4 is still not essential to yeast like Spt5, 
this made it easier to create its knockout gene and delete the lacZ gene to analyze 
his mRNA expression levels against others (Figure 10). Although most strains 
were still able to produce some mRNA transcripts, wild type (WT) Spt4 plays a 
positive role in transcription elongation in the lacZ gene (Rondón et al., 2003).  
24	
 
 
 
 
Figure 10 Transcriptional analysis of knockout Spt4 lacZ 
gene. No mRNA transcripts from Spt4 knockout compared 
to WT 
(Rondón et al., 2003). 
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A previous analysis regarding the lacZ gene and its connection to histones 
was conducted, and mutations in Spt4 and Spt5 were introduced to a variety of 
histone genes needed for S. cerevisiae to properly coordinate histone folding. The 
results (Table 2) corroborated the hypothesis that mutations to either subunit 
caused decreases in the levels of mRNA transcripts, with Spt4 mutations causing 
slightly bigger decreases than Spt5 (Compagnone-Post & Osley, 1996). 
 
 
Most previous research inquiries have observed the Spt4-Spt5 complex as 
merely a regulatory transcription factor with RNAP as its substrate. However, 
Table 2 Levels of histone-lacZ mRNAs in spt mutants 
(Compagnone-Post & Osley, 1996). 
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one particular study chose the complex itself as a substrate for methylation by a 
protein arginine methytransferase (PRMT), a class of enzymes whose mechanism 
is to take a methyl group from S-adenosylmethionine and put it on an arginine 
residue (Kwak et al., 2003). In particular, Spt5 was found to be successfully 
methylated by both PRMT1 and PRMT5, and based on the deletion patterns, it 
because clear that any of the N-,C-, or KOW domains were susceptible. 
Subsequent assays determined that multiple arginine residues in question were 
mutated to alanine by Spt5 in order to prevent methylation. PRMT1 was much 
more successful at causing methylation in WT Spt5 in a number of arginines; 
thus, mutations to alanine were required in positions 681,696,698,700,747, and 
749. PRMT5 was found to only be able to methylate the residue in 698. 
Ultimately, these mutations were caused in order to save the Spt5 protein from 
methylation, allowing for increased ability to stimulate transcription elongation 
by the mutant Spt5 strains. Further inquiries will be needed to evaluate this 
particular mechanism and its relationship with transcriptional elongation (Kwak 
et al., 2003). 
The presence of Spt5 (along with Spt4) presumably would allow for DRB 
mediation and Tat activation, leading to stimulated transcription elongation for 
HIV-1 based on previous studies (Ivanov et al., 2000). By using immunodepletion 
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to isolate Spt5 from the nuclear extract, however, the Tat activation only occurred 
when fresh Spt4 and Spt5 were added to the nuclear extract without the HIV-1 
activation, mainly due to the methylation inhibitor adenosine dialdehyde, which 
allowed for Spt5 and RNAPII to become more closely associated (Kwak et al., 
2003). 
Among the secondary interactions Spt5 is known for, nucleotide excision 
repair (NER) and transcription coupled repair (TCR) are part of it, and the 
RNAPII complex allows for interaction with the clamp, protrusion, wall, and 
stalk regions. In particular, the NGN region has been previously established to 
interact with the clamp, and the Rbp4/7 complex that composes the stalk is 
surrounded by Spt5 when bound, confirmed by SDS-PAGE and Western blot. 
Normally, Spt4’s presence to stabilize Spt5 ends up suppressing TCR, as does 
CTR. However, it was found that deleting Spt5 would actually activate TCR 
again, leading to the notion that Spt5 is a vital TCR repressor, and this action 
may potentially conserved, as NusG has also shown signs of repressing TCR as 
well (Li, Giles, & Li, 2014). 
Archaeal (RNAP) NusG-RpoE’’ studies 
Reverting to a more basic form of the complex, the previously mentioned 
study with P. furiosus utilized both X-ray crystallography and cryo-EM to not 
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only model the archaeal complex accurately, but also depict its spatial interaction 
with a well-characterized RNAP, which facilitated an understanding of how 
DNA is being fed in during transcription elongation (Klein et al., 2011). P.furiosus 
was also utilized in other studies particularly focused on analyzing the RNAP 
cleft region, and similar techniques to image the complex were used (Martinez-
Rucobo et al., 2011).  
The archaeal cryo-EM model generated by Klein et al. was able to 
characterize the general shape of RNAP, including defining features like the 
protruding stalk. Referring to the bottom image in Figure 2, which showed how 
the complex attached to RNAP, the larger high density region labeled (a) is 
Spt4/Spt5-NGN, and the smaller high density region labeled (b) is Spt5KOW. 
These designations were validated with corresponding antibody tags, which 
aligned themselves over the RNAP cleft like the complex was projected in the 
cryo-EM image (Klein et al., 2011).  
 After successfully modeling the complex in static form, the main goal of 
this study was to fully model the process of transcription elongation, which 
involves depicting the DNA and RNA transcript traveling through the RNAP 
(Figure 11). The model depicts the Spt4-Spt5 complex fully encircling the DNA 
via the KOW domain to keep it from disengaging, allowing RNAP to speed up 
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transcription. In addition, the complex also keeps the process running efficiently 
by limiting the speed of upstream DNA and keeping the transcription bubble in 
shape by allowing the DNA to anneal properly again (Klein et al., 2011). 
 
 
 
A similar study to depict the Spt4-Spt5 complex (Figure 12) from P. furiosus 
Figure 11 RNAP-Spt4/Spt5 transcription elongation complex cryo-EM model. 
(A) Front/side views of full complex (B) View of only complex-DNA interaction 
(Klein et al., 2011) 
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successfully created a recombinant RNAP clamp that bound the complex, and 
was able to model it (Martinez-Rucobo et al., 2011). 
 
 
The clamp is quite similar to other structures in that it interacts with 
Spt5NGN’s hydrophobic patch with a coiled coil similar to other kingdoms; this 
interaction usually leads to the NGN domain locking the cleft down from above, 
trapping the DNA-RNA hybrid strand inside (Crickard et al., 2016; Martinez-
Figure 12  Ribbon model of recombinant clamp-Spt4/5 complex 
(Martinez-Rucobo et al., 2011). 
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Rucobo et al., 2011). The KOW region is located right above the RNA exit site 
due to its short linker protein (Martinez-Rucobo et al., 2011).  
The species Methanocaldococcus jannaschii was also used to further analyze 
the archaeal complex; both its Spt4 and Spt5 genes were spliced into recombinant 
E. coli plasmids for culturing and purification for a sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) analysis (along with NGN WT 
and mutant strains). However, the complex was also subjected to both NMR and 
CD spectroscopy, an electrophoretic mobility shift assay (EMSA), and 
fluorescence polarization assays in addition to the standard protein 
crystallography (Guo et al., 2015).  
The first study was fluorescence polarization, which followed basic 
Michaelis-Menten mechanics to determine the binding affinity between DNA 
and archaeal Spt4-Spt5 and other complexes (Figure 13). Spt4/NGN was twice as 
likely to bind the DNA as Spt4/Spt5, which implies that KOW provided steric 
hindrance (Guo et al., 2015).  
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Another study was conducted utilizing M. jannaschii, this time particularly 
focused on the competitive inhibitory relationship between initiation factor TFE 
and Spt4-Spt5 over the RNAP clamp, in particular the region where Spt5-NGN 
resides. This is an interesting scenario because during initiation, TFE can displace 
the Spt4-Spt5 complex with superior binding affinity, while during elongation, 
it’s the other way around (Figure 14). TFE can be recruited to a pre-initiation 
complex with the help of RNAP. However, archaeal TFE does require the clamp 
coiled coil and stalk in place on RNAP before binding. Spt4-Spt5 is capable of 
preventing the formation of the pre-initiation complex, but cannot inhibit TFE 
from transcript initiation, and can only release TFE from the pre-initiation 
complex if it is at a 50 fold higher concentration (Grohmann et al., 2011). 
Figure 13 Fluorescence polarization results between DNA and various 
complexes to determine binding affinity 
(Guo et al., 2015) 
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Figure 14 Spt4-Spt5 and TFE Competing for RNAP Binding site 
(A)-(D): increasing amounts of Spt4-Spt5 -> decreasing TFE bands 
(E): Promotor-directed transcription with different RNAP types 
(Grohmann et al., 2011). 
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Additional Studies 
In the Arabidopsis genus, Spt4 and Spt5 are generally coded for by two 
genes each, and it had been previously established that the gene Spt5-2 was the 
only one essential for Spt5 production, while both Spt4 genes were considered 
redundant due to sharing 87.9% of their genome (Dürr et al., 2014; Köllen et al., 
2015). However, both products are also accompanied by a plant-specific 
transcription factor, Spt5L, which presented the possibility of increased RNAPV 
interactions by complexing with Spt4. An experiment testing DNA methylation 
involving regular and mutant lines was run, and said genomic DNA lines were 
subjected to isolation via restriction enzyme cutting, amplification via 
polymerase chain reaction (PCR), and separation via agarose gel electrophoresis 
and immunoblotting via SDS-PAGE (Köllen et al., 2015).  
Another study involving Arabidopsis plants also utilized immunostaining 
and ChIP, along with RT-PCR and quantitative PCR (qPCR) to amplify the 
mRNA levels to usable amounts (Dürr et al., 2014). From the Arabidopsis study, 
two main observations became known. The first was the direct correlation 
between the reduced methylation occurring in plants deficient in Spt4, resulting 
in increased cleaving by restriction enzymes	and	decreased	PCR	amplification.	The	second	was	the	observation	that	Spt5L	was	much	more	stable	than	Spt5	alone,	not	
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reducing	in	numbers	during	a	depletion	in	Spt4	(Figure	15).	This	may	suggest	that	Spt4	is	a	necessary	stabilizing	factor	in	vivo	for	Spt5	(Köllen	et	al.,	2015).	
		  
 A similar study done with Arabidopsis plants found that plants deficient in 
Spt4 also observed a surge in the expression of auxin-related genes. This 
corresponds to both microscopic changes like elongated cells and lack of cell 
proliferation, as well as macroscopic alterations such as limited root growth and 
decreased leaf sprouting among other vegetative effects. More research in this 
area would help clarify the relationship between Spt4 and auxin in plant species 
(Dürr et al., 2014). 
Figure 15 SDS-PAGE of Spt5 and Spt5L presence. Col-0 = wild type, spt5l = 
mutant Spt5L line, SPT4R3 = Spt4-RNai line, UAP56 = antibody wash (Köllen et 
al., 2015) 
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Another area where Spt4-Spt5’s interactions can play a role is with RNAPI 
during transcription elongation. Having formerly observed an Spt4 deletion 
resulting in increased rRNA transcription, Anderson et al. hypothesized that the 
Spt4-Spt5 complex acted to inhibit transcription, and that mutant Spt5 strains in 
yeast would also have a discernible impact on the transcription rate. These 
mutant strains were generated via error-prone PCR, and integrated into the new 
Spt5 locus under temperature-sensitive conditions. EM was utilized to create 
images, and ChIP was performed to analyze the associations between the 
complex and RNAPI (Anderson et al., 2011).  
The use of mutated Spt5 strains when the complex interacted with RNAPI 
served to validate the idea that Spt5 is more valuable to the survival of yeast than 
Spt4. One mutation in particular, S324P, falls within the NGN domain in a 
position that is necessary for Spt4 binding, while another strain had a C292R 
mutation (within the NGN domain, but not necessary for Spt4 binding). The 
latter strain grew at a rate 2.5x slower than either the WT or the S324P strains, 
lending credence to the notion that Spt4 hinders cellular functions that Spt5 may 
be able to perform unhindered. In addition, both mutant strains were crossbred 
with the deleted Spt4 strain; while the S324P mutation led to increased cellular 
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functions, the C292R mutation was lethal to the point where no data could be 
registered for it (Table 3) (Anderson et al., 2011).		 		
 
Summary 
 There were a total of eighteen studies relating in some manner to the 
subject of Spt4-Spt5 reviewed in this report. Among them, eleven discussed some 
investigation regarding the eukaryotic complex, whether it was yeast Spt4-Spt5 
or human DSIF and its relation to RNAPII. From the rest, four examined the 
Table 3 Mutation growth rates. ∆ = deleted gene 
(Anderson et al., 2011).  
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NusG-EpoE’’ archaebacterial complex and its relation to prokaryotic RNAP. Two 
reports focused on the Arabidopsis plant genus and its observations regarding 
RNAPIV and RNAPV, and one lone study was conducted with eukaryotic Spt4-
Spt5 and RNAPI. 
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DISCUSSION 
The ubiquitous presence of the Spt4-Spt5 complex in the process of 
transcription and gene expression merited a deep and thorough analysis into its 
origins. Though much progress has been made in visualizing the highly 
conserved structural motifs in the Spt5/NusG family of proteins, there is still 
much to understand about the mechanisms utilized for its regulatory capabilities 
over RNAP. In addition, it is necessary to account for each factor’s individual 
characteristics, even though they are mostly found in dimerized form (Hartzog & 
Fu, 2013). 
However, even with the varied studies and results gathered here, there is 
enough information to make one simple conclusion: Spt4, Spt5, and the Spt4-Spt5 
complex are each uniquely suited to perform functions relating to one of the 
fundamental biological processes. Either one or both is playing a crucial role in 
nature, and it can be anything from transcription elongation factor to DNA repair 
and anything in between.  
When Spt4 and Spt5 are discussed, it is often easy to forget that Spt4 is 
actually nonessential in yeast. However, that doesn’t mean that its deletion 
simply leaves Spt5’s functionality unaffected; it is likely that Spt4 plays some role 
in regulating Spt5’s conformation and preventing its loss of function (M. Guo et 
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al., 2008; Köllen et al., 2015). It has already been shown that Spt5-NGN on its 
own does not have as strong an affinity for RNAPII than with Spt4-Spt5, even if 
Spt4 is not directly interfacing with RNAPII (Hartzog & Fu, 2013). 
In addition, it is necessary to point out that visualizing the structure from 
different perspectives via a bevy of laboratory techniques allows for unintended 
discoveries that can benefit down the line.  
Based on transcriptional needs, it seems that the Spt4/Spt5 complex has a 
straightforward role in increasing processivity of transcription elongation for 
archaeal RNAP (Klein et al., 2011). The ability to superimpose conserved 
structures from all domains onto the same RNAP clamp indicates a very high 
level of conservation, and this allows for conservation of the actual mechanism of 
transcription; the NGN domain trapping the bases inside contributed to the 
stability of the elongation complex (Martinez-Rucobo et al., 2011). It was 
mentioned that within the transcription bubble was a very basic region, where 
there were a number of residues that were either highly conserved in only 
archaea or to any combination of the three domains. Investigating these 
particular residues and finding anomalies linking them to analogous structures 
would be a good step towards determining the unique roles of these residues in 
each kingdom (Klein et al., 2011).  
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There was another interesting observation that the Spt4-Spt5 complex, for 
all of its interaction with RNAPII, never went past the surface elements and 
actually made contact directly with the active site (Hartzog & Fu, 2013). 
However, there probably was enough inadvertent contact with noncoding 
elements, and there is likely an element of allosteric regulation that this complex 
taps into rather than competitively inhibiting a substrate it is shaped nothing 
like. Using DSIF to indirectly recruit NELF to the DSIF-RNAPII complex is 
indication enough of that.  
Although the entire RNAP-Spt4/5 complex seems to be fairly conserved, 
there should continue to be investigation into other components besides the 
active site, as KOW domains or other parts of the RNAP may cause allosteric 
alterations, which may have far-reaching consequences to the catalytic abilities of 
the enzyme (Martinez-Rucobo et al., 2011). This notion was reinforced by KOW 
essentially avoiding any affinity with DNA during the fluorescence polarization 
test (Guo et al., 2015).  
As evidenced by Spt4-Spt5 inhibiting transcription initiation and shutting 
down a pre-initiation complex, it is clear that though the stalk and clamp coiled 
coil binding sites for TFE are conserved for TFB as well as Spt5/NusG. This is 
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more proof of the duality of the Spt4-Spt5 complex; capable of either inhibiting 
or exciting RNAP.  
The possibility of a plant-specific Spt4/Spt5L complex helping RNAPV 
facilitate de novo DNA methylation emerged due to Spt5L’s increased robustness. 
An important observation regarding Spt5L was the presence of four extra 
Ser/Thr NGN residues compared to Spt5 (only two of which were universally 
conserved); however, Spt4’s prominent role in stabilizing the complex to 
facilitate methylation and slow transcription elongation will merit further 
investigation (Köllen et al., 2015). It is important to note that phosphorylation of 
the CTD of RNAPII in this species could also lead to more auxin-related 
expression in these plants, which may hamper root growth (Dürr et al., 2014). It 
is necessary to keep trying to understand the lesserknown mechanisms of 
RNAPIV and RNAPV; though they aren’t as well known as RNAPII, they still 
perform roles that may be analogous to enzymes found in humans,  
 The results of the study involving RNAPI would normally indicate that 
the Spt4/Spt5 complex only inhibits transcription elongation. However, one 
particular aspect of the case involved the mutant C292R strain, which actually 
caused a further decrease in rRNA synthesis compared to WT Spt5. This led to 
the initial conclusion that Spt5 on its own could actually increase RNAP1 
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transcription while it is potentially subject to covalent modifications based on 
transcriptional needs (Anderson et al., 2011). It is crucial to explore what those 
covalent modifications may be, and determine a predictive algorithm to reflect 
the environment that would determine these actions, so that we may gain a 
quicker understanding of what is still very unexplored territory. 
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FUTURE DIRECTIONS 
Although the Spt4-Spt5 complex has been brought to light, visualized, and 
thoroughly analyzed, there is always further insight to be gained in this 
particular topic. As has been previously covered, two of the KOW domains were 
unsuccessfully crystallized, and could not be subject to further analysis (Meyer et 
al., 2015). It would bring clarity to the overall structure of the complex if those 
unknown areas were successfully modeled.  
Another potential step to filling in our gaps in knowledge would be to 
investigate the mechanisms for RNA Polymerase III. Understandably, this 
enzyme is mainly concerned with tRNAs, and thus would not be likely to require 
as much regulation as what the Spt4-Spt5 complex usually provides. However, it 
was previously thought that Spt4-Spt5 had no role in regulating elongation steps 
for RNAPI, so it is a possibility that RNAPIII also interacts with Spt4-Spt5. 
Along that note, it would be very useful to learn more about how this 
complex interacts with RNAPI during transcription elongation. A small amount 
of information was available for this report, but there is definitely the possibility 
of gaining more if further studies focused on this relationship are conducted. 
This also applies to learning more about whether other classifications besides 
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Arabidopsis share a similar characteristic, as well as continuing to research more 
about the Spt5L factor and its potential role with Spt4 and Spt5 in that genus. 
In addition, there’s a definite possibility to learn more about the secondary 
roles that the Spt4-Spt5 complex undertakes, such as nucleotide repair, histone 
modification, and 5’ capping. These have been touched on lightly here by a study 
or two, but further insight into these other roles would be welcome. In particular, 
though it was found that Spt5 alone acts to suppress TCR, it is still necessary to 
continue exploring the mechanisms discussed in closer detail, and hopefully 
corroborate the results. Similarly, it was unexpected that DSIF was so closely tied 
to a fundamental immunological process; this also merits further analysis. 
From a genetic perspective, it could also be worth analyzing the other 
genes and other elongation factors in order to understand their relationship with 
the Spt4-Spt5 complex, rather than having all of them focused around the RNAP. 
In particular, the proteomics group was able to uncover a multitude of genes 
from S. cerevisiae, all of whom were unknown before that very study until they 
initiated the search based on Spt4-Spt5 (Krogan et al., 2002). 
 There is another factor we may also want to account for when considering 
which direction to take the research in: the methodologies themselves. Although 
purification and crystallography are standard when trying to visualize a 
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molecular structure, and most labs are staying within their budget, there should 
be a more open consensus towards implementing ideas like the TAP method, 
which can potentially guarantee better and more efficient results in the future. 
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